Freshly isolated proximal tubules from the spontaneously hypertensive rat (SHR) demonstrate elevated Na + /H + exchanger (NHE) activity, but the underlying mechanism is unclear. Because of the difficulties in preparing sufficient numbers of proximal tubule cells for detailed biochemical studies, we have generated cell lines from SHR and Wistar-Kyoto rat (WKY) proximal tubule cells. Cell lines were obtained by transforming the cells with an origin-defective mutant of simian virus 40 encoding a heat-labile T antigen (tsA58 transformant). Such cells proliferate at the permissive temperature of 33 mC, but growth is abolished at the restrictive temperature of 39 mC. The predominant NHE isoform expressed was isoform 1, as determined by sensitivity to HOE-694 (3-methylsulphonyl-4-piperidinobenzoyl guanidine) and Western blotting using specific polyclonal antisera to NHE-1. NHE-3 protein was also present. Northern blots of poly(A) mRNA extracts of the cell lines revealed a low abundance of transcripts for NHE-2, -3 and -4, with no systematic difference between the lines. Although the intracellular pH was similar in the SHR and WKY lines, HOE-694-sensitive H + efflux due to NHE-1 was substantially elevated in SHR lines compared with WKY lines (95.0p2.8 and 39.9p5.7 mmol:min − 1 :l − 1 respectively ; P 0.001 ; n l 6). H + efflux due to non-Na + -dependent mechanisms were similar in lines from the two strains. Western blotting revealed that NHE-1 density was also very similar in SHR and WKY lines, and subcellular fractionation of homogenates indicated that NHE-1 was localized predominantly to plasma membranes. Thus the turnover number of NHE-1 was increased. Immunoprecipitation of 32 P-labelled phosphoproteins from these lines demonstrated an approximately 2-fold higher degree of phosphorylation of NHE-1 in SHR compared with WKY lines. These cell lines form a useful model for defining the biochemical mechanisms leading to the NHE-1 phenotype in the SHR kidney, in addition to investigations of other SHR phenotypic markers.
INTRODUCTION
Elevation of Na + \H + exchanger (NHE) activity is a well recognized intermediate phenotype of essential hypertension (reviewed in [1, 2] ) that has been documented in a (WKY), increased NHE activity has been described for SHRs in both striated and smooth muscle cells [4, 5] and also in the heart [6] . Moreover, this phenotype was not associated with increased NHE-1 protein expression [7, 8] , but the presumed increased turnover number of NHE-1 may occur concomitantly with increased NHE-1 phosphorylation [9] . The persistence of these changes despite culture in vitro suggests that they are dependent on the genetic programme rather than on environmental factors present in vivo.
These investigations have mainly concentrated on isoform 1 of NHE, the first to be described [10] . NHE-1 is thought to play a ' housekeeping ' role in maintaining cellular volume and pH, and may be permissive for cell proliferation. Other isoforms of NHE have now been documented [11, 12] , and the localization of NHE-2, -3 and -4 to kidney and gut epithelia has indicated a potential role for these isoforms in trans-epithelial Na + reabsorption. Therefore, in the rat, it appears that kidney tissue contains mRNA for all four isoforms, but protein abundance varies in the order NHE-3 NHE-1 NHE-2 l NHE-4 [11] .
The kidney plays a major role in the pathogenesis of hypertension, due to its crucial function in regulating salt and water balance. Guyton et al. [13] have suggested that the pressure-natriuresis mechanism in the kidney may alter Na + reabsorption depending on the perfusion pressure of the kidney. Any intrinsic defect in the kidney leading to excessive salt reabsorption may lead to salt and fluid retention and an elevation of blood pressure to restore equilibrium. Indeed, the explanted SHR kidney demonstrates an altered set-point for the pressurenatriuresis curve [14] . Further, in transplantation experiments between SHRs and WKYs, blood pressure is determined by the nature of the donor kidney [15] . The precise site of such a defect in salt reabsorption in the SHR is currently unknown, although the proximal tubule is a good candidate for such defects that may lead to a blunted pressure-natriuresis relationship [16] .
Previous investigations have documented increased NHE activity in brush border vesicles [17] or freshly isolated proximal tubule cells [18, 19] which may contribute to increased Na + reabsorption. For detailed biochemical characterization of such transporter phenotypes, large numbers of cells would be necessary, and these may be difficult to obtain from freshly isolated proximal tubules. Moreover, such preparations are obtained by enzymic dissociation of the kidney cortex, which may affect membrane proteins and permeability or cellular composition in a variable way, leading to variation between preparations. To overcome this, proximal tubule cells can be cultured in defined media [20] , but the cells do not proliferate indefinitely and cultures often deteriorate after about 10 days. This particular problem has been overcome by immortalizing these cells using simian virus 40 (SV40) viral transformation [21, 22] , a technique that has been applied successfully to fibroblasts [23] [24] [25] . Temperature-sensitive transformation of these cells would be especially useful, since the cells could be allowed to proliferate to a high enough number at the permissive temperature and then switched to the restrictive temperature, at which point the heat-labile large-T antigen is unable to function, leading to cessation of cell proliferation and restoration of the differentiated functions resembling the untransformed parent cells [21, 22, 24, 25] . We have therefore obtained proximal tubule primary cultures from the SHR and WKY strains and transformed the cells using origin-defective mutants of SV40 encoding a heat-labile large-T antigen (tsA58 transformant). The resulting cell lines proliferate at 33 mC, but growth is inhibited at the restrictive temperature of 39 mC.
Investigations of NHE activity and expression in these cell lines revealed increased NHE-1 activity in SHRderived lines compared with WKY lines. SHR lines did not overexpress NHE-1 protein, and NHE-3 protein was also present. Since one possible mechanism for NHE-1 activation is by phosphorylation [10] , this posttranslational process was examined in SHR lines, and increased phosphorylation of NHE-1 was clearly demonstrable. These findings in the SHR lines resemble the phenotype described for SHR vascular smooth muscle cells [9] and heart [6] , and indicate the widespread nature of this defect in transporter regulation.
METHODS Materials
Ham's F12 medium, Dulbecco's modified Eagle's medium (DMEM) and foetal calf serum were obtained from ICN Flow (High Wycombe, Bucks., U.K.). Renal tubular epithelium (RTE) growth medium consists of a 1 : 1 (v\v) mixture of Ham's F12 medium and DMEM containing 1% (v\v) foetal calf serum, 2 mmol\l glutamine, 10& i.u.\l penicillin, 100 mg\l streptomycin, 24 mmol\l NaHCO $ (pH 7.4 with 5 % CO # in air) and the following additives : 25 µg\l prostaglandin E " , 10 mg\l insulin, 5 mg\l transferrin, 30 nmol\l selenite, 10 µg\l epidermal growth factor, 5 µmol\l cortisol and 1 nmol\l tri-iodothyronine. Protein A-Sepharose CL4B, glutathione-Sepharose 4B and pGEX-5X3 were obtained from Pharmacia LKB Biotechnology (Uppsala, Sweden). Protogel acrylamide solution was from National Diagnostics (Atlanta, GA, U.S.A.). Hybond C extra support nitrocellulose, horseradish peroxidase-conjugated donkey anti-rabbit antibody, enhanced chemiluminescence Western blotting reagents and "%C-labelled molecular mass markers were obtained from Amersham International. Aquamount was obtained from Merck. 2h,7h-Bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF\AM) was from Cambridge Bioscience (Cambridge, U.K.). The specific NHE-1 inhibitor HOE-694 (3-methylsulphonyl-4-piperidinobenzoyl guanidine) [26] was supplied by Dr W. Scholz (Hoechst AG, Frankfurt, Germany). All other reagents and tissue culture supplements were obtained from Sigma Chemical Co. (Poole, Dorset, U.K.). The CB28B plasmid consisting of maltosebinding protein with the complete C-terminus of NHE-1 (amino acids 503-815) was obtained from Dr S. Wakabayashi (Osaka University, Japan) [27] . Fusion protein production was induced by isopropyl β-Dthiogalactopyranoside, and the product was purified by affinity chromatography on amylose resin (New England Biolabs Inc., Hitchin, U.K.). Transparent polyethylene terephthalate permeable supports (0.4 µm) were obtained from Becton Dickinson Labware (Meylan Cedex, France).
Culture of proximal tubule cells and transformation with pMK-SVtsA58 DNA
The normotensive and hypertensive (WKY and SHR) rats were maintained at the Biomedical Services Unit, Leicester University. Rats were killed at 8 weeks of age and the kidney cortex was minced finely. Enzymic digestion was carried out by a method modified from that of Gesek et al. [28] using type IV collagenase (1 g\l) and hyaluronidase type 1S (1 g\l). Proximal-tubule segments were recovered at a density of 1.076-1.088 g\ml following centrifugation on a pre-formed 43 % Percoll gradient at 1100 g for 20 min [29] . Tubules were seeded on to collagen-coated tissue culture flasks and fed every 2 days with RTE growth medium.
An aliquot of each tubule preparation was checked for the brush border enzyme markers characteristic of proximal tubules. The preparations were enriched in γ-glutamyl transpeptidase (EC 2.3.2.2) and alkaline phosphatase (EC 3.1.3.1), as assayed using the substrates L-γ-glutamyl-p-nitroanilide and p-nitrophenyl phosphate respectively, using established methods [30] . In addition, the proximal tubule enzymes alanine aminopeptidase M (EC 3.4.11.2) and dipeptidyl peptidase IV (EC 3.4.14.5) were assayed using methods described previously [30] [31] [32] , using alanyl-p-nitroanilide and glycyl-L-proline-4-nitroanilide respectively as substrates. Also, microscopy of these granular tubule segments confirmed the presence of a brush border. In addition, we sought the presence of the newly cloned proximal tubule sodium bicarbonate co-transporter NBC3 [33, 34] using Western blotting, as described below.
When tubular cultures were confluent (after 7 days), transformation with the origin-defective recombinant DNA pMK-SVtsA58 (obtained from Dr Harvey Ozer, University of Medicine and Dentistry, Newark, NJ, U.S.A. [25] ) was performed using a calcium phosphate precipitation method [35] . Flasks were incubated for 24 h at 33 mC, following which the DNA-calcium phosphate precipitate was washed off and cells were fed with RTE growth medium at 33 mC. After 1 week the majority of the proximal tubule cells had died and detached, and very few cells were visible in the flasks. However, after another 2 weeks sparse outgrowths of cells with epithelial morphology appeared. When these had reached a sufficient size for detachment, the colonies were cloned individually using sterile cylinders coated with silicon grease (Sigma). After five passages on collagen-coated flasks, the epithelial cells were able to proliferate on uncoated flasks in RTE medium, unlike the untransformed cells, which do not grow on uncoated surfaces. Six stable lines were obtained for each strain, and these were used for the studies in this present investigation. All cell lines proliferated at the permissive temperature of 33 mC, and could be made quiescent either by a 24 h incubation in Ham's F12\DMEM (1 : 1, v\v) containing antibiotics, 0.1 % BSA and 2 mmol\l glutamine, or by increasing the temperature to 39 mC.
Measurement of NHE activity in proximal tubule lines
Following trypsinization, cells were seeded on to glass cover slips at 33 mC and fed daily until confluence was achieved (within 2-3 days). The cells were then made quiescent by withdrawal of serum and growth factors by incubation in Ham's F12\DMEM (1 : 1, v\v) containing antibiotics, 0.1 % BSA and 2 mmol\l glutamine, and transfer to the restrictive temperature of 39 mC for 24 h. Cells were loaded with 5 µmol\l BCECF\AM for 30 min [9] prior to measurement of intracellular pH (pH i ) and NHE activity. Resting pH i was measured in Hepesbuffered saline (HBSS) composed of 130 mmol\l NaCl, 5 mmol\l KCl, 1.8 mmol\l CaCl # , 1 mmol\l MgSO % , 5 mmol\l glucose, 20 mmol\l Hepes and 1 g\l BSA, pH 7.4. H + efflux was measured by clamping pH i to 6.0, close to the pH at which the V max of NHEs is observed, and then measuring H + efflux into HBSS (to measure total efflux), Na + -free medium (replacing Na + with N-methyl-D-glucamine, to measure Na + -independent H + efflux) and HBSS containing HOE-694 (to measure any H + efflux due to NHEs unaffected by this NHE-1-specific inhibitor [26] ).
Western blotting with polyclonal antibodies to rat NHE-1, NHE-3 and NBC3
Polyclonal antibodies were obtained from rabbits against the parts of the C-termini of NHE-1 and NHE-3 that showed the least identity [36] , using glutathione Stransferase (GST)-NHE-1 or GST-NHE-3 constructs as described [36] . The NHE-1-and NHE-3-specific immunoglobulin fractions (referred to as G116 and G110 respectively) were purified from polyclonal sera of the rabbits by elution from Protein A-Sepharose CL4B
beads. In addition, we also raised specific rabbit polyclonal antibodies against the proximal tubule sodium bicarbonate co-transporter NBC3 [33, 34] . The peptide sequence IRIEPPKSLPSSDKR (amino acids 345-359 of the rat NBC3 sequence) [33, 34] was conjugated to keyhole limpet haemocyanin using the heterobifunctional cross-linker ε-maleimidocaproic acid Nhydroxysuccinimide ester. Following dialysis in PBS, the conjugate was mixed with Freund's complete adjuvant and injected subcutaneously into rabbits. Booster injections were given subcutaneously every 2 weeks until an adequate antibody titre was obtained. G186 is the NBC3-specific IgG fraction obtained from this antiserum.
Pellets of freshly prepared proximal tubule segments or flasks of confluent quiescent cells were extracted by snap-freezing with liquid nitrogen and treating the cells with homogenization buffer consisting of 5 mmol\l EDTA, 1 mmol\l PMSF, 1 mmol\l phenanthroline, 1 mmol\l iodoacetamide, 1 µg\ml pepstatin and 2 µg\ml leupeptin in PBS. Extracts were then resolved by SDS\ PAGE on 7.5 % gels, followed by electrotransfer on to Hybond C supported nitrocellulose. Detection was performed with a 2 h incubation of G110 (2 µg\ml),
Tris, 140 mmol\l NaCl and 0.1 % (v\v) Tween-20], followed by incubation with horseradish peroxidaselinked donkey anti-rabbit second antibody (1 : 1500 dilution) and enhanced chemiluminescence reagents according to the manufacturer's instructions (Amersham). Bands corresponding to NHE-1 (molecular mass approx. 97 kDa [9, 36] ) and NHE-3 (molecular mass " 85 kDa [36] [37] [38] [39] ) were quantified on a Bio-Rad densitometer.
Subcellular fractionation of proximal tubule cell line membranes
Confluent cultures of the cell lines were washed twice in HBSS, and then once in sucrose buffer (250 mmol\l sucrose, 1 mmol\l EDTA, 1 mmol\l Hepes, pH 7.2), before resuspending the pellets in 2 ml of homogenization buffer composed of 250 mmol\l sucrose, 1 mmol\l EDTA, 1 mmol\l Hepes, 1 mmol\l PMSF and 5 µmol\l leupeptin, pH 7.2. The cells were then disrupted using nitrogen cavitation as described previously [40] .
In order to prepare membranes containing microsomes and plasma membranes, the post-nuclear supernatant was centrifuged for 30 min at 10 000 g to remove mitochondria, and then the supernatant was centrifuged further in an ultracentrifuge for 1 h at 140 000 g. A crude membrane pellet was obtained which was solubilized in Laemmli sample buffer and then resolved on SDS\PAGE gels to prepare Western blots.
A further purification of the post-nuclear supernatants was achieved by layering the samples on to a selfgenerated gradient of 30 % (v\v) Percoll in homogenization buffer at 27 000 g for 60 min at 4 mC [40] . The following fractions were collected : the cytosolic fraction above the interface with the Percoll, the fraction at a density of 1.042 g\ml (I), the fraction at 1.05 g\ml (II), the fraction at 1.056 g\ml (III), the fraction between 1.069 and 1.083 g\ml (IV) and the fraction between 1.102 and 1.128 g\ml (V). Portions of 25 µg of protein from each fraction were loaded on to SDS\7.5 %-PAGE gels and analysed by Western blotting as described above.
Measurement of NHE-1 phosphorylation in cell lines
A detailed description of the immunoprecipitation protocol for phosphorylated NHE-1 has been published previously [9] . Briefly, the quiescent proximal tubule cells were incubated with [$#P]P i (50 µCi:ml −" ) for 3 h in phosphate-free HBSS. The monolayers were frozen with liquid nitrogen and extracted with buffer E containing 10 g:l −" polyoxyethylene-8-lauryl ether and protease and phosphatase inhibitors. The NHE-1-specific antibody G116 (final concentration 100 µg:ml −" ) was added to pre-cleared extracts. Immunoprecipitates were recovered 2 h later using Protein A-Sepharose CL4B beads and phosphoproteins were resolved on SDS\7.5 %-PAGE. The dried gels were quantified by autoradiography on pre-flashed X-ray films. Alternatively, phosphoproteins were blotted on to supported nitrocellulose and the filters were then subjected to autoradiography (such filters could be blotted subsequently with NHE-1-specific antibodies to quantify the amount of this protein in the immunoprecipitate). Values have been normalized to an arbitrary value of 1.0, which represents the quiescent WKY cell extract, after corrections for the amount of NHE-1 protein detected in the immunoprecipitates.
mRNA isolation and analysis
Total cellular RNA was extracted from cultured cells by a modification of a previously described method using selective precipitation in guanidine thiocyanate\phenol [41] . Polyadenylated mRNA was then isolated from the total RNA using the PolyATtract2 mRNA Isolation System (Promega Corp.). Northern blotting was performed using standard protocols [35] . Briefly, 5 µg of polyadenylated mRNA per sample was electrophoresed through a 1.2 % (w\v) agarose gel containing 2.2 mol\l formaldehyde (38 %, v\v) and transferred to nylon membranes (Hybond). Membranes were initially probed for NHE isoforms to determine mRNA levels [Ava1-Ava1 fragment from rat stomach NHE-2 cDNA (bases 174-2032 of the coding region), PstI-PstI fragment from rat kidney NHE-3 cDNA (bases 1153-2434 of the coding region), and BspE1-BspE1 fragment from rat stomach NHE-4 cDNA (bases 967-1601)] [11] . This was followed by probing with a 1.2 kb human foetal liver cDNA for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the mRNA of which is constitutively expressed in all cells. Densitometric values for NHE mRNA for each sample were normalized by dividing by the corresponding GAPDH mRNA value before comparisons were made.
Southern analysis
Chromosomal DNA was extracted from cultured cells by a modification of the method described by Saito and Miura [42] . Briefly, the cells were scraped from the culture flask surface and then resuspended in 5 ml of a solution composed of 50 mmol\l glucose, 25 mmol\l Tris\HCl, pH 8.0, and 10 mmol\l EDTA. SDS was added to a final concentration of 1 % (w\v) and EDTA to 50 mmol\l. Sodium perchlorate was added to a final concentration of 1 mol\l, together with 2 vol. of chloroform\3-methylbutan-1-ol (24 : 1, v\v), mixed gently and centrifuged at 3000 g for 20 min at 20 mC. The aqueous phase was removed and 2 vol. of chloroform\3-methylbutan-1-ol (24 : 1, v\v) was added as before. The aqueous phase was then extracted three times with phenol\ chloroform (1 : 1, v\v). Next, 2 vol. of ethanol at k20 mC was carefully poured down the side of the tube. DNA was precipitated at the interface and was recovered by spooling with the rounded end of a Pasteur pipette. Portions of 10 µg of DNA per sample were digested using the restriction endonuclease EcoRI (Sigma), electrophoresed through a 1 % (w\v) agarose gel and transferred to a nylon membrane (Hybond) using standard methods [43] . The membrane was probed for SV40 large-T antigen (tsA58) using the 5.2 kb tsA58 DNA fragment isolated from the pMK-SVtsA58 plasmid by digestion with EcoRI.
Other techniques
cAMP produced by cells was measured using a standard receptor binding assay [44] . Cells grown in 24-well plates were made quiescent over 24 h, preincubated with HBSS containing 300 µmol\l isobutylmethylxanthine for 20 min at 37 mC, and then stimulated with parathyroid hormone (100 nmol\l) or dopamine (10 µmol\l). After 20 min, the cells were lysed in 1 M HCl and extracts were assayed for cAMP following neutralization.
Uptake of P i was determined in quiescent cells in sixwell plates. Cells were incubated in HBSS containing 1 mmol\l K # HPO % and [$#P]P i (1 µCi:ml −" ). Other wells contained HBSS in which the Na + had been substituted with N-methyl-D-glucamine and radiolabel, in order to measure uptake in nominally Na + -free conditions.
Statistics
All results are expressed as meanspS.E.M., and comparisons were by Student's t test, performed by an Oxstat statistics package (Microsoft Corp., Reading, U.K.). Two-tailed P values of 0.05 were considered significant.
RESULTS
The preparations of proximal tubule cells contained markers characteristic of this segment of the renal tubule. The γ-glutamyl transpeptidase activities of SHR and WKY proximal tubule preparations were 579p56 and 462p51 µmol:min −" :g −" protein respectively (meanspS.E.M.), and alkaline phosphatase activities were 81p6 and 72p6 µmol:min −" :g −" protein respectively. Other reports have quoted similar values for these proximal tubule enzyme markers [30, 31, 45] . The alanine aminopeptidase M and dipeptidyl peptidase IV activities were also very typical of proximal tubule preparations (aminopeptidase M activity, 52p4 and 62p4 µmol:min −" :g −" protein ; dipeptidyl peptidase IV activity, 86p4 and 91p4 µmol:min −" :g −" protein ; SHR and WKY lines respectively). Western blots of the fresh tubule preparations confirmed the presence of NBC3 as a 110 kDa protein in both SHR and WKY tubules ( Figure  1) ; this newly cloned transporter has been localized previously to proximal tubule segments [33, 34] .
Primary cultures of proximal tubule cells typically survive for 2 weeks in RTE medium before cell division stops and the culture degenerates. Fibroblasts do not survive in this medium due to the low content of foetal calf serum and prostaglandin E " . As detailed above, pSVtsA-transformed cells cloned from these primary cultures of SHR and WKY proximal tubule cells continued to proliferate at the permissive temperature of 33 mC, but growth was restricted at 39 mC, as described previously for fibroblasts [25] and Wistar rat proximal tubule cells [21, 22] . When cells were made quiescent in serum-free Ham's F12\DMEM at 39 mC, the cells formed monolayers that showed contact inhibition. Trans-epithelial ion transport was evident by the widespread formation at both 33 and 39 mC of domes in the cultures, which are so characteristic of kidney tubule epithelial cultures.
Another characteristic of proximal tubule cells is the Na + -dependent uptake of P i . P i uptake was detectable in Na + -sensitive uptake occurs via the Na + -P i co-transporter.
Figure 3 cAMP production rates of the SHR and WKY cell lines
The cell lines were stimulated with parathyroid hormone (PTH ; 100 nmol/l) or dopamine (10 µmol/l) for 20 min. Significant elevations of cAMP followed incubation with parathyroid hormone for cell lines from both strains (P 0.002), with no differences between strains. The increase in cAMP following stimulation with dopamine was significant in both strains (WKY, P 0.001 ; SHR, P 0.04), with the increase being significantly greater in WKY than in SHR lines (P 0.001).
both WKY and SHR cell lines, with no differences between them (Figure 2 ). The majority of the uptake was Na + -sensitive, consistent with the presence of a Na + -P i co-transport system in these proximal tubule cell lines. cAMP production rates in quiescent WKY and SHR cell lines were similar (5.0p1.1 and 5.6p0.9 pmol:min −" : mg −" protein respectively). As expected, cAMP production in both types of cell lines was stimulated to the same degree by parathyroid hormone (Figure 3) . Stimulation with dopamine led to a significantly greater increase in cAMP in WKY compared with SHR cell lines (P 0.001 ; Figure 3 ). Thus the previously documented phenotype of a blunted sensitivity of adenylate cyclase to dopamine stimulation in SHR proximal tubule cells [46] , which may be involved in the reduced natriuretic The NHE activity of SHR cell lines was significantly higher than that of WKY lines (95.0p2.8 and 39.9p5.7 mmol:min − 1 :l − 1 respectively ; P 0.001 ; n l 6). Na + -independent H + efflux rates were similar in both types of cell lines (SHR, 50.2p4.2 mmol:min − 1 :l − 1 ; WKY, 38.9p3.8 mmol:min − 1 :l − 1 ; n l 6). response to dopamine (with cAMP inhibiting NHE and Na + \K + -ATPase activities), was preserved in the immortalized cell lines. All measurements of pH i and NHE-mediated H + efflux were performed on three separate occasions, and the mean data for six lines derived from each strain are presented. Determination of pH i in the SHR and WKY lines at 39 mC revealed no significant differences between strains (Figure 4) . Measurements of H + efflux following clamping of pH i at 6.0 revealed a rapid Na + -dependent recovery of pH i in cell lines from both strains (Figure 5 ), indicating the presence of NHEs. In the absence of extracellular Na + , the slow recovery of pH i could be attributed to H + efflux through passive permeability pathways, as well as via the H + -ATPase that is known to exist in proximal tubule cells [19] . In the presence of HOE-694, a specific inhibitor of NHE-1, the traces of pH i recovery resembled those in the absence of extracellular Na + . This suggested that the component of H + Na + /H + exchangers in kidney tubule lines 2-9) . The 97 kDa molecular mass marker is shown. Detection was with the NHE-1-specific antibody G116 (1 µg/ml).
Figure 7 Presence of NHE-3 in SHR and WKY cell membranes
Shown is a Western blot of partially purified membrane pellets from SHR (S) and WKY (W) cell lines, probed with G110 (NHE-3-specific antibody ; 2 µg/ml). Samples of 50 µg of protein were loaded on to each lane. The 97 kDa molecular mass marker is shown.
efflux that was Na + -dependent was due predominantly to the presence of NHE-1 rather than to other isoforms not sensitive to HOE-694. The mean data for the NHE-1-mediated H + efflux for the six cell lines are presented in Figure 4 ; SHR lines exhibited very significantly elevated NHE-1 activity compared with WKY lines. In contrast, there were no significant differences in the Na + -independent component of H + efflux.
The amounts of the NHE-1 and NHE-3 isoforms present were sought using Western blotting of extracts of SHR and WKY cell lines, to determine whether differences in NHE activity could be due to overexpression of these exchanger proteins. Figure 6(A) shows an immunoblot with the NHE-1-specific antibody (G116), which detected a 97 kDa protein as previously reported for fresh proximal tubules [36] . The NHE-1 densities were compared with standard curves constructed using known amounts of the CB28B fusion protein ( Figure 6B ). The relative density of NHE-1 in SHR lines was 0.90p0.11, not significantly different from that in WKY lines (1.00p0.03 ; the values were normalized to 1 for the WKY data). It is thus evident that NHE-1 expression in SHR and WKY lines was not different, and that the increased NHE-1 activity of SHR lines was therefore due to increased activity of a similar number of NHE-1 exchangers.
The NHE-3-specific antibody (G110) was then used to assess the presence of NHE-3 protein in these crude cell Shown are Western blots of samples of 10 µg of protein from the different fractions obtained following isopycnic centrifugation through Percoll of SHR (S) and WKY (W) cell homogenates. NHE-1 protein was detected with antibody G116 (1 µg/ml). The densities of the different fractions are (g/ml) : I, 1.042 ; II, 1.05 ; III, 1.056 ; IV, 1.069-1.083 ; V, 1.102-1.128. C denotes the cytoplasmic fraction above the Percoll. Fraction I was enriched in plasma membranes and contained the majority of NHE-1 immunoreactivity in both SHR and WKY cell homogenates.
extracts. Partially purified membranes from the cell lines were obtained by homogenizing the cells using nitrogen cavitation and ultracentrifugation. Western blots of these samples with affinity-purified anti-NHE-3 antibody G110 are presented in Figure 7 , and show the presence of NHE-3 protein. The 85 kDa protein bands were not visible in blots where G110 had been preincubated with 10 µg\ml of the GST-NHE-3 fusion protein.
Experiments were performed in order to attempt to stimulate an increased expression of NHE-1 and NHE-3 proteins in the cell lines. Growth on transparent permeable supports did not alter expression of NHE proteins in these cell lines. The cells were also cultured on a variety of matrices, including laminin, fibronectin, poly-L-lysine and Matrigel, with no further induction of NHE protein expression. Finally, 24 h incubations with a variety of differentiation-inducing agents (1 % DMSO, 1 % dimethyl formamide, 5 mmol\l hexamethyl bisacetamide, 1 mmol\l isobutylmethylxanthine, 1 mmol\l butyrate or 2 mmol\l sodium phenylacetate) in RTE medium failed to induce further NHE protein expression.
The subcellular localization of NHE-1 was sought by homogenization of the tubule cells using nitrogen cavitation with subsequent isopycnic centrifugation through Percoll. Fraction I was enriched in the plasma membrane marker 5h-nucleotidase, and also contained 84.0p2.0 % and 83.7p1.5 % of the total NHE-1 immunoreactivity in SHR and WKY cell lines respectively (n l 4) (Figure 8) .
We then examined the cell lines for the presence of mRNAs for the other NHE isoforms. mRNAs for NHE-2, NHE-3 and NHE-4 were all present in these cell lines ( Figure 9A) , with no differences between SHR and WKY lines. Southern blots confirmed the presence of the SV40 large-T antigen (tsA58) in all the SHR and WKY cell lines ( Figure 9B ).
Investigations were then directed at defining further the basis for the SHR phenotype of increased NHE-1 activity. Since NHE-1 activation is associated with its phosphorylation [10] , we examined the degree of phos- 
DISCUSSION
It has been proposed that a resetting of the pressurenatriuresis relationship may form the basis of excessive renal salt reabsorption and lead to elevated blood pressure [13] . Kidneys from SHRs have been demonstrated to have an altered set-point for pressure-natriuresis [14] . One possible mechanism for this resetting of the homoeostatic regulation of salt reabsorption is a proximal tubule defect leading to increased trans-epithelial Na + flux [16] . In modelling the ion fluxes through the proximal tubule, a change in NHE activity of just 14 % could lead to sufficient alterations in Na + reabsorption to raise blood pressure [16] . Furthermore, in a transgenic mouse model where NHE-1 was hyper-expressed in kidney tubular epithelium, leading presumably to increased NHE activity, reduced renal salt excretion led to the development of salt-sensitive hypertension [47] . This was due to the ectopic expression of NHE-1 in the apical membrane of the medullary collecting tubules, although it was not possible to assess whether NHE-1 was hyperexpressed in the proximal tubule.
Previous investigators have documented increased NHE activity in SHR proximal tubules [17] [18] [19] , but there have been no investigations into the maintenance of these characteristics in culture. Proximal tubule cells are difficult to maintain in culture over the long period of time that would be required in order to perform detailed biochemical characterization of these SHR and WKY cells. Reports of the immortalization of proximal tubule cells with a origin-defective SV40 virus mutant encoding a heat-labile T antigen [21, 22] in which some differentiated functions continued to be expressed, such as the renin-angiotensin system [22] , suggested that it should be possible to raise such cell lines from SHR and WKY rat strains in order that the regulation of NHE activity could be investigated. Using this technique, we have cloned several lines from SHR and WKY proximal tubule preparations which proliferated in defined media at the permissive temperature of 33 mC and ceased to grow at the restrictive temperature of 39 mC. This is the first report of such cell lines derived from SHR and WKY proximal tubules.
Trans-epithelial transport was evident in monolayers of these cell lines maintained in the defined media, since the domes characteristic of this function were observed. Our present studies have also demonstrated that the increased NHE-1 activity present in freshly isolated SHR proximal tubules was maintained even in transformed proximal tubule cells after many passages in vitro, indicating the dependence of this particular phenotype on the genetic programme rather than on environmental factors. Furthermore, using the NHE-1-specific pharmacological inhibitor HOE-694 [26] we have established that the predominant NHE activity in our proximal tubule cell lines is NHE-1 ; this was also supported by Western blotting data using NHE-1-specific antibodies. The increased NHE-1 activity in SHR lines was not associated with increased NHE-1 protein expression, indicating that the turnover number for NHE-1 may be increased. Subcellular fractionation of cell homogenates confirmed the presence of NHE-1 in the plasma membrane fractions in both SHR and WKY cell lines. Increased NHE activity was associated with increased NHE-1 phosphorylation. This cluster of changes in NHE-1 activity, turnover number and phosphorylation in the SHR proximal tubule cell lines resembles the findings we and others had described previously for SHR vascular muscle and heart [6, 8, 9] , indicating that such changes may not be specific to the kidney but represent a more generalized dysregulation of NHE-1 function. Similar changes in the NHE-1 phenotype have also been described in lymphoblasts from humans with hypertension [48, 49] , and may be the result of alterations in the upstream signalling pathways [50] . The precise nature of this defect may be investigated further in this very useful SHR proximal tubule model of sodium transport. However, due to the basolateral localization of NHE-1 in the proximal tubules, this isoform is unlikely to be responsible for the increased trans-epithelial Na + reabsorption in SHR tubules, but it may be responsible for maintaining pH i .
The SHR and WKY cell lines did not exhibit any significant differences with regard to resting pH i . These findings concur with the majority of reports on NHE-1 in cells from hypertensive animals and humans (reviewed in [2] ). Current methodology for the determination of pH i may not have sufficient sensitivity to detect very small differences between cell lines.
These proximal tubule lines also express Na + -P i cotransport, although no differences were evident between SHR and WKY lines. This reinforces the specificity of the described difference in NHE-1 activity between the strains. In addition, preliminary investigations have also confirmed the blunted adenylate cyclase response to dopamine stimulation in SHR cell lines, which has been suggested to be responsible for the reduced natriuretic response to dopamine in SHRs [46] . Thus some of the characteristics of the freshly isolated SHR proximal tubules have been preserved in these cell lines. The proximal tubule segments from which the cell lines were derived were also clearly enriched with specific enzyme markers and the sodium bicarbonate co-transporter NBC3, the localization of which was recently described in proximal tubules of the rabbit cortex [34] .
We were able to confirm the presence of mRNAs for NHE-2, -3 and -4, and also demonstrated the presence of NHE-3 protein by immunoblotting of partially purified membrane preparations from these cell lines. However, NHE activity that was not sensitive to HOE-694 was not easily demonstrable, suggesting that other factors, such as accessory proteins that may regulate the activity of these NHE isoforms, may be absent under our culture conditions.
In conclusion, we have established stable pSVtsAtransformed proximal tubule lines from SHR and WKY strains, and the temperature-sensitive cell proliferation rate has allowed cells to be made quiescent in order that cellular transport physiology and biochemistry can be examined in the absence of influences from the transforming process. The SHR-derived lines continue to express the NHE-1 phenotype documented in many other cell types, namely increased activity, turnover number and phosphorylation. They form a useful model for the further elucidation of changes in tubule ion transport physiology from a genetic model of hypertension.
